Brominated flame retardant polystyrene composites were prepared by melt blending polystyrene, decabromodiphenyl oxide, antimony oxide, multiwall carbon nanotubes and montmorillonite clay. Synergy between carbon nanotubes and clay and the brominated fire retardant was studied by thermogravimetric analysis, microscale combustion calorimetry and cone calorimetry. Nanotubes are more efficient than clay in improving the flame NOT THE PUBLISHED VERSION; this is the author's final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation at the bottom of the page.
Introduction
Polystyrene (PS) is a widely used but easily burned polymer and thus it is necessary to improve its flame retardancy. Combinations of nanoparticles, such as organically modified montmorillonite clay, with traditional flame retardants, including halogen-free flame retardants, brominated flame retardant and intumescent flame retardants, have exhibited good flame retardant synergy and improved comprehensive properties while overcoming the limitation of the traditional flame retardants, such as the required high loading [1] , [2] , [3] , [4] , [5] and [6] . In addition to clay, carbon nanotubes (CNT) are another nanoscale candidate as a flame retardant adjunct for fire-resistant polymeric materials. CNT exhibited better efficiency than clay in reducing peak heat release rate for polymers such as ethylene vinyl acetate (EVA) and acrylonitrile-butadiene-styrene (ABS) as tested by the cone calorimeter, mainly due to the formation of an entangled fiber network in the condensed phase and only minimal addition was required (<5%) [7] , [8] , [9] , [10] , [11] , [12] and [13] .
Recently, microscale combustion calorimetry (MCC) has been developed as high-throughput method for the formulation and flammability screening of multi-component polymeric materials. Compared with conventional fire testing techniques, such as limiting oxygen index (LOI), UL-94 vertical combustion tests and cone calorimetry (Cone), MCC can quickly and easily obtain the key flammability parameters of the materials from just a few milligrams instead of tens or more grams of specimen [14] , [15] , [16] and [17] . In some cases, MCC results have been shown to correctly predict the results of other fire tests, but this is not always the case.
In the paper, bromine-antimony oxide (Sb2O3) flame retardant PS composites with multi-wall nanotubes (MWNT) and montmorillonite clay were prepared and the combination of the flame retardant additives with MWNT or clay to improve the flame retardancy of PS composites was investigated. An important aim of this work is to compare the parameters related to fire risk from MCC and Cone tests to establish the relationship between them.
Experimental

Materials
Polystyrene (PS, Mw ∼ 192000, melt index 6.00-9.00 g/10 min (200 °C/5.0 kg, ASTM D1238)) was purchased from Aldrich Chemical Co. Organically modified montmorillonite clay (Cloisite15A (cation is dimethyldihydrogenated tallow ammonium), Southern Clay Products), decabromodiphenyl oxide (Deca, SAYTEX 102E, theoretical bromine content ∼ 83.3%, Albemarle Co.), antimony oxide (AO, Laurel industries) and multi-wall carbon nanotubes (MWNT, Nanocyl, S.A, Belgium) were all used as received.
Preparation
The brominated flame retardant PS composites with and without MWNT or clay were melt compounded using a Brabender mixer at 180 °C for 10 min at a screw speed of 60 rpm. The ratio of Deca/AO (abbreviated as BFR) was fixed as 5/1 by weight and the formulations are given in Table 1 .
Characterization
Thermogravimetric analyses (TGA) were conducted with a Netzsch TG209 F1 thermoanalyzer instrument. Specimens with mass of 15 ± 1 mg were heated from 30 to 700 °C at a heating rate of 20 °C/min in a nitrogen atmosphere at a flow rate of 40 ml/min. All samples were run in duplicate and the average values are reported; the temperature is reproducible to ±1 °C and the mass to ±0.2%.
Pyrolysis combustion flow calorimetry experiments were carried out on a Govmark MCC-2 microscale combustion calorimeter (MCC). has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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Samples weighing 4 ± 1 mg were heated to 750 °C at a ramp rate of 1 °C/s in a stream of nitrogen flowing at 80 ml/min. The combustor temperature was set at 900 °C and oxygen/nitrogen flow rate was set at 20/80 ml/ml. The reported data are averages of three measurements and the typical relative error for heat release capacity is ±10%.
The cone calorimeter experiments were carried out using an Atlas Cone 2 instrument according to ASTM E 1354, on 3 mm thick 100 × 100 mm 2 plaques. All samples were tested in triplicate. The cone data obtained are reproducible to within ±10% when measured at a heat flux of 35 kW/m 2 . Fig. 1 gives the thermogravimetric analysis (TGA) and derivative TGA (DTG) curves for the brominated flame retardant PS composites. The data for the temperature at which 5% (T5%) and 50% (T50%) thermal degradation occurs, and the temperature of the first and second maximum mass loss rate (T1max and T2max) obtained from the DTG curves, are listed in Table 1 . The TGA curves display a one-step degradation process for pure PS but a two-stage process for PS/BFR composites, except for sample PS/BFR-7 which has the largest amount of BFR. Increasing the BFR content leads to small change in the temperature at which T1max occurs in the range 375-385 °C, while T2max decreases by about 20 °C, suggesting that BFR destabilizes PS. As shown in Fig. 1 (b), the first peak of mass loss rate for PS/BFR samples increases sharply with increasing BFR content due to chemical reaction between Deca and Sb2O3 to generate gas-phase flame retardants, which are expected to retard the mass loss rate at higher temperature.
Results and discussion
Thermal degradation stability
The partial replacement of BFR by MWNT, clay or MWNT/clay combinations at the same total loading of 12% for BFR + MWNT (clay), results in the deterioration of the thermal stability in terms of T5%, but an increase in char formation at 600 °C. Although both clay and MWNT have carbonization effect on PS/BFR composites, as compared in Table 1 , the char increases in the order accessed by following the link in the citation at the bottom of the page.
Polymer Degradation and Stability, Vol. 95, No. 4 (April 2010): pg. 564-571. DOI. This article is © Elsevier and permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 5 clay < clay/MWNT < MWNT for the samples PS/BFR/clay2.0, PS/BFR/clay1.0/MWNT1.0 and PS/BFR/MWNT2.0, which indicates that MWNT can offer more advantage in carbonization than clay. Meanwhile, the introduction of 2% clay or MWNT/clay combinations are more efficient in lowering the first mass loss rate than either PS/BFR-5 or PS/BFR/MWNT2.0, but T1max shows about a 30 °C decrease ( Fig. 2 , Table 1 ).
MCC studies
The microscale combustion calorimeter (MCC) based on oxygen consumption calorimetry is also known as pyrolysis combustion flow calorimetry (PCFC). By directly measuring the heat of combustion of the gases evolved during controlled heating of 0.5-50 mg samples, fire parameters can be obtained. Fig. 3 shows the heat release rate curves from the MCC (HRR-MCC) compared to the DTG curves for selected samples, PS/BFR-5, PS/BFR/clay2.0, PS/BFR/MWNT2.0 and PS/BFR/MWNT1.0/clay1.0. For the PS/BFR systems showing two degradation steps in DTG, only one HRR-MCC peak shifted to higher temperature was observed in the MCC curve ( Fig. 3a) . When clay, MWNT and MWNT/clay were introduced into PS/BFR system, two or more peaks are found in the MCC curve ( Fig. 3b-d ). Meanwhile, PS/BFR-5 and PS/BFR/MWNT2.0 have the same onset degradation temperature (Tonset) in MCC as the DTG ( Fig. 3a, c) , while samples containing clay ( Fig. 3b, d) , PS/BFR/clay2.0 and PS/BFR/MWNT1.0/clay1.0, show delayed Tonset in MCC compared to the DTG. Perhaps these differences are due to the higher heating rate in the MCC (1 °C/s (60 °C/min) for MCC vs 20 °C/min for TGA), and may indicate that clay is more efficient in protecting specimens from degradation than MWNT in MCC tests.
The primary parameters obtained by MCC are peak heat release rate (PHRR-MCC), heat release capacity (HRC-MCC), total heat released (THR-MCC) and temperature at PHRR (Tp-MCC) ( Table 2) . A comparison of HRC-MCC, THR-MCC and Tp-MCC are shown in Fig. 4 . For the PS/BFR systems ( Fig. 4a) , one can note a decrease in the THR-MCC with increasing BFR content and there is a high correlation (correlation coefficient, R = 0.98) between them. However, there is not a correlation between HRC-MCC and BFR content. HRC-MCC decreases sharply with initial increasing BFR content to 3.6% then decreases slightly at higher loading. A similar tendency has been found in PHRR-MCC. Comparisons of the results for the samples with 12% additives from Fig. 4(b-d) confirm that the introduction of clay or MWNT into the BFR is of benefit to reducing HRC-MCC and THR-MCC while enhancing Tp-MCC for the materials. Moreover, it is noted that HRC-MCC appears to have no correlation with all flame retardant formulations. When the degradation occurs in a single step, the HRC-MCC can be easily obtained, however when the degradation involves multiple steps, one may sum the values or average them and it is not yet known how this is best accomplished for any system [16] .
As reported by Lewin, synergistic effectivity (SE) in flame retardant polymeric materials, which is considered the tool to characterize and compare synergistic systems, can be defined as the ratio of the flame retardant effectivity (EFF) of flame retardant additives plus the synergist to that of the additives without synergist, where the EFF was calculated by the increase of LOI for 1 wt% of the flame retardant element [18] and [19] . In this paper, the concept of EFF and SE is used to identify the synergistic effect of the various additives on brominated flame retardant PS, where the EFF is defined as the decrease of peak HRR obtained from MCC (PHRR-MCC) and peak HRR obtained from cone calorimeter (PHRR-Cone) for 1 wt% of the flame retardant element bromine (Br) in MCC and Cone tests, respectively. A summary of the EFF and SE of the bromine flame retardant PS formulations with 12 wt% additives is tabulated in Table 3 . The results indicate that AO/clay, AO/MWNT and AO/MWNT/clay have a substantially higher SE than does AO alone.
Cone calorimetric studies
The cone calorimeter is one of the most effective bench-scale methods to study the flammability properties of materials; the parameters that are available include the heat release rate and especially its peak value (PHRR-Cone); the total heat released (THR-Cone); the average effective heat of combustion (AEHC-Cone); the average mass loss rate (AMLR-Cone); the time to ignition (tign-Cone) and the time to PHRR (tp-Cone); finally one can derive two parameters from cone data, the fire performance index (FPI-Cone, defined as tign-Cone divided by PHRR-Cone) and the fire growth rate (FIGRA-Cone, defined as PHRR-Cone divided by tp-Cone).
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The heat release rate, in particular peak HRR, has been found to be the most important parameter to evaluate fire safety. Fig. 5 and Table 4 give plots and combustion data in the cone calorimeter for PS/BFR with and without MWNT or clay. The dynamic HRR-Cone curves of various BFR loadings from samples PS/BFR-1 to 7 are shown in Fig. 5(a) . Pure PS burned rapidly after ignition and a HRR-Cone peak appeared at 180s. When BFR is present, tign-Cone of PS/BFR samples increased slightly with a decline of PHRR-Cone and tp-Cone. Higher BFR loading (PS/BFR-7), however, shows no additional benefit in further reducing the flammability properties in terms of PHRR-Cone, there is a maximum effective content of BFR that is needed. The data listed in Table 4 show that THR-Cone and AEHC-Cone of the series of samples is reduced as the BFR content increases. Increased AEHC-Cone is the response of the combustion of combustible gases in the gas phase; the lower AEHC-Cone corresponding to a higher BFR content confirms the existence of a gas-phase flame retardant mechanism. Clearly, all PS/BFR samples show higher average specific extinction area (ASEA-Cone, a measure of the smoke yield) than PS, caused by the bromine-containing radicals terminating the active radicals in the burning gas phase, resulting in incomplete combustion of the pyrolysis products from PS thus giving more smoke. The replacement of BFR by clay or MWNT leads to different HRR-Cone features compared to PS/BFR-5. As shown in Fig. 5(b) , these samples ignite earlier but burn more slowly than PS/BFR-5, resulting in a 42% reduction in PHRR-Cone from 591 for PS/BFR-5 to about 340 kW/m 2 for 2 and 3% MWNT containing samples.
The synergistic effectivity of nanoparticles-BFR system in flame retardant PS composites tested by Cone is similar to that tested by MCC, as listed in Table 3 . The SE values for Cone are a little different than those from MCC but the trend is obvious. The advantage in improving flame retardancy by the introduction of clay to the bromine-Sb2O3 system is believed to be due to the concurrent existence of chemical reactivity and physical effects. That is, the products from Hoffman degradation of clay react with BFR, promoting the generation of SbBr3 and SbBr3-RNH3Br complexes as efficient gasphase fire retardants [1] and [2] . Meanwhile, the barrier (the physical effect) formed from the nano-dispersed silicate layers can further protect the substrate from fire. As a result, the material will exhibit reduced PHRR-Cone, lower AMLR-Cone and decreased tign. has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 8 It is noted that PS/BFR/MWNT2.0 shows higher SE in reducing PHRR-Cone than PS/BFR/clay2.0; two things are postulated to be responsible for the difference. The first is that the barrier efficiency of PS/BFR/MWNT2.0 induced by the formation of a structured-network in the condensed phase during the burning of the PS/CNT is higher than that of polymer/clay nanocomposites. Photographs of the residual char in PS/BFR/clay2.0 and PS/BFR/MWNT2.0 after cone tests are shown in Fig. 6 and give further evidence that the later leaves a heavier integrated char covering all the surface of the aluminum container, while only a few island-like char particles are observed in the former at the end of the test. The second item to be considered is the catalytic activity of MWNT. Since the MWNT used was not purified, trace transition metals, such as Fe and Co supported on Al2O3 as catalyst, will be retained in MWNT during the preparation. These particles may catalyze the degradation of PS by dehydrogenation to participate in the carbonization process to form char, in agreement with the result from TGA that more char is produced from the CNT-containing material [20] and [21] . Meanwhile, these metals can trap radicals such as H • and HO • in the burning gas phase and lead to flame extinguishment [22] . As confirmed in Table 3 , PS/BFR/WMNT2.0 shows higher ASEA-Cone than PS/BFR/clay2.0, attributed to the incomplete combustion of the pyrolysis products of PS.
Correlation between cone and MCC
Microscale combustion calorimetry (MCC) has been accepted as a new screening method to measure fire performances of flame retardant materials using a few milligrams of specimen. Each of the MCC data, namely HRC-MCC, THR-MCC, char yield and Tp-MCC, have been taken into consideration and correlate reasonably with the conventional flame retardant test results such as cone calorimetry, limiting oxygen index (LOI) and UL-94 classification in different polymer matrices [23] , [24] and [25] .
In this investigation, correlation coefficients, R, between MCC and Cone data calculated by Minitab 15 Statistical Software for the 13 formulations are tabulated in Table 5 , and those showing high correlation coefficients (ІRІ ≥ 0.80) are highlighted in bold and italics. Although all the filled samples exhibit lower PHRR values in both the MCC and Cone than does pure PS, the changes in the PHRR reduction has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 9 upon addition of the additives are different. As shown in Fig. 7(a) , PS formulations with BFR less than 10% exhibit much higher PHRR reductions in the MCC (Reduct-MCC) than in the Cone (Reduct-Cone). However, a good correlation, R = 0.875, between Reduct-MCC and Reduct-Cone has been found in Fig. 7(b) . Meanwhile, Fig. 7 (c) demonstrates that the low HRC-MCC values correspond to the low PHRR-Cone. As listed in Table 5 , HRC-MCC is highly correlated with PHRR-Cone, THR-Cone, AEHC-Cone and Reduct-Cone, but poorly with other parameters including AMLR, tign, FPI and FIGRA. Moreover, Reduct-MCC shows similar correlation with Cone parameters as HRC-MCC.
Conclusions
Thermal and flammability performance of brominated flame retardant PS composites with clay or MWNT have been investigated. Synergy between BFR and MWNT is higher than that between BFR and clay in improving flame retardancy in both MCC and Cone tests. MWNT can promote the participation of polymer chains in the carbonization process and generate increased char yield. Although the materials are more fire safe, the time to ignition is decreased. Relationships between MCC and Cone suggest good correlations between both HRC and PHRR reduction in MCC with PHRR-Cone, THR-Cone and PHRR reduction. Since the reduction of the heat release rate measured by the cone calorimeter is the most clear-cut evidence for the efficiency of flame retardants, MCC, as a high-throughput method, can provide this information on a much smaller sample and in much less time for PS with brominated flame retardants. 
